INTRODUCTION {#gfs520_s1}
============

Vascular calcification (VC) is commonly observed in patients with atherosclerosis, diabetes and chronic kidney disease (CKD) \[[@GFS520C1]--[@GFS520C3]\]. In adults with CKD, VC leads to increased mortality rates compared with the general population, even after adjusting for age and diabetic status \[[@GFS520C4]\]. The high incidence of cardiovascular mortality is partially credited to increased intimal and medial calcifications of the large arteries, including the aorta \[[@GFS520C5], [@GFS520C6]\]. VC is not only due to passive precipitation of calcium phosphate, but is also described as a tightly regulated process sharing similarities with bone formation \[[@GFS520C7]\]. The mechanism of this active process has been evaluated in *in vitro* studies on isolated cell-like vascular smooth muscle cells (VSMC). Exposure of VSMC to high phosphate and calcium concentrations leads to a dose-dependent increase in mineralization implying a transdifferentiation of VSMC to osteoblast-like cells \[[@GFS520C8], [@GFS520C9]\]. Changes in the expression of bone-associated (bone morphogenetic protein 2 and 7, osteocalcin) and mineralization-regulating \[osteopontin, matrix gla protein (MGP)\] proteins are classically reported in the course of VC \[[@GFS520C10], [@GFS520C11]\]. Nowadays, it is acknowledged that non-traditional cardiovascular risk factors such as abnormalities in bone and mineral metabolism as well as the uraemic status might increase the prevalence of VC and cardiovascular disease in CKD patients.

Despite its involvement as a co-factor of many enzymes, its function for maintaining vascular tone and in heart rhythm and finally its role in skeletal and mineral metabolism, magnesium has been generally overlooked as a potential modulator in the calcification process. Recently, an inverse relationship between serum magnesium concentrations and VC was reported in observational clinical studies \[[@GFS520C12], [@GFS520C13]\]. A limited number of clinical studies investigated the influence of serum magnesium on VC and cardiovascular mortality in uraemic or non-uraemic populations. Data from these studies are largely discussed in \[[@GFS520C14]\] and are clearly pointing towards a potential beneficial role of magnesium to improve VC and survival in CKD. Few experimental studies in animal models, mostly performed in rodents, confirmed these findings \[[@GFS520C14]\]. At the cellular level, the effect of magnesium on calcification has not been extensively investigated yet. Data on the prechondrogenic cell line ATDC5 suggest that excess Mg^2+^ might inhibit the excess Ca^2+^-promoted mineralization mediated by MGP \[[@GFS520C15]\]. Later, Montezano *et al.* \[[@GFS520C16]\] studied trans-differentiation and calcification in isolated VSMC and aortas of rodents in the presence of magnesium. Results showed that magnesium negatively regulates VC and osteogenic differentiation through transient receptor potential melastatin (TRPM)7 activity and increased expression of anti-calcification proteins (osteopontin, bone morphogenetic protein 7 and MGP). More recently, Salem *et al.* \[[@GFS520C17]\] revealed existing relationships between magnesium, inhibition of VC on calcification-induced aortic rings of rats and clinical biomarkers. Kircelli *et al.* \[[@GFS520C18]\] showed that increasing magnesium concentrations reduced the calcium deposition in calcification-induced bovine VSMC and modulated calcification markers.

As previously mentioned *in vitro* studies suggest magnesium to be a potent inhibitor of the VC process. To our knowledge, the effect of magnesium on induced calcification was not tested on primary VSMC from human origin. Therefore, the main goal of this study was to investigate increasing magnesium concentrations on Pi-induced calcification of human aortic VSMC (HAVSMC), and whether the expected effect of magnesium is bound to cellular activities or rather an extracellular passive phenomenon.

MATERIALS AND METHODS {#gfs520_s2}
=====================

Chemicals {#gfs520_s2a}
---------

All chemicals were purchased from Sigma unless otherwise stated.

Cell culture of HAVSMC {#gfs520_s2b}
----------------------

Primary HAVSMC were isolated in our laboratory from explants of human aortic tissue (obtained with appropriate ethical approval \#2009/19), as described previously \[[@GFS520C19]\]. Briefly, medial tissue was separated from a segment of the human aorta after removal of the endothelium. Small pieces of tissue (1--2 mm^2^) were placed in a culture dish in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 15% fetal bovine serum (FBS, Dominique Dutscher), 4.5 g of glucose, 1 mmol/L of pyruvate, 100 U/mL of penicillin and 100 µg/mL of streptomycin in a 5% CO~2~ incubator at 37°C. Cells that migrated from explants were collected when confluent. The cells were maintained in DMEM supplemented with 15% FBS, the medium was replaced twice a week. HAVSMC were identified by their typical hill and valley morphology and purity of the primary cell culture was further checked by immunocytochemistry using a monoclonal antibody against the α-smooth muscle actin protein 1A4 (Acta 2) (Santa Cruz Biotechnology). α-Smooth muscle actin 1A4 is an isoform typical of smooth muscle cells (SMC) and is present in high amounts in vascular SMC \[[@GFS520C20]\]. The cells were used between passages 6 and 12, during which time they were able to calcify. Cells isolated from five independent donors were tested alternatively depending on the availability of cells requested for the various experiments.

For calcification assays, cells were seeded at 7500 cells/well in 48-well plates. Cells were treated for the indicated times (i.e. 7, 10 and 14 days) with various media conditions from 2 to 3 days after plating. For cell viability assays, cells were seeded at 3200 cells/well in 96-well plates. For cell layer staining assays, cells were seeded at 15 000 cells/well in 24-well plates. For all experiments, cells were treated as described in the calcification assays section.

In some experiments, HAVSMC were exposed to the TRPM7 inhibitor 2-aminoethoxy-diphenylborate (2-APB) (10^−6^ to 10^−4^ M). 2-APB was added to the medium from the beginning and at each medium renewal of the experiment.

Cell fixation {#gfs520_s2c}
-------------

After seeding, the cells were fixed using a 3.7% formaldehyde solution at room temperature for 15 min. After removal of formaldehyde, cells were washed with PBS and dried. Calcification was then performed as it was for live cells.

Calcification assays {#gfs520_s2d}
--------------------

DMEM medium initially contains 0.9 mM of Pi, 1.8 mM of Ca^2+^ and 0.8 mM of Mg^2+^. Calcifications assays were conducted in 1% FBS DMEM and Pi concentration was increased to reach 3 mM. Mg^2+^ effect on calcification was observed at various concentrations. When indicated, the media Pi and Mg^2+^ concentrations were increased using NaH~2~PO~4~ and MgCl~2~ supplementation, respectively. Both live and fixed cells were calcified in an identical way, and the same calcification medium was used. The medium was replaced twice a week and Mg^2+^ was added from the beginning and at each medium renewal of the experiment. Supernatants were collected for further investigations.

For precise biochemical Ca^2+^ measurements, cells were washed with PBS without Ca^2+^ and Mg^2+^ and then decalcified with 0.6 N HCl overnight. The calcium content was determined colourimetrically with the *o*-cresolphthalein complexone method (OCP). Briefly, the principle of this method is based on the purple-coloured complex formed by calcium with OCP in an alkaline medium. The optical density (OD) of the samples were measured with a spectrophotometer at 565 nm and compared with a curve calibrated with calcium standards \[[@GFS520C21]\]. The protein content was measured using Bio-Rad protein assay reagent (Bio-Rad) according to the manufacturer\'s protocol. For live cells, the calcium content of the cell layer was normalized to protein content.

For alizarin red staining (AR), cells were washed with PBS and fixed with ethanol 95%. Then, samples were exposed to alizarin red 40 mM (pH 4.2). After two washing steps, wells were photographed showing the presence of induced mineralization.

For von Kossa staining (VK), cells were fixed with ethanol 95% for 15 min, rinsed and incubated with a 5% AgNO~3~ solution for 30 min. Cells were further rinsed with water, incubated for 5 min in a photographic revelation solution, washed with water, then incubated 5 min with a 5% sodium thiosulfate solution to remove unreacted silver, washed again in water and finally dried. Following their acquisition with a Photometrics CH250 CCD camera, well pictures were processed using the Software ImageJ (NIH). Cell layers were pictured after a classical von Kossa staining followed by a haematoxylin counterstaining according to Mayer. After washing with water and mounting, the cell layer was pictured using an Axioskop 40 (Carl Zeiss) coupled to Histolab^®^ (Microvision Instruments).

Cell viability {#gfs520_s2e}
--------------

The cell viability was indirectly assessed through measuring the mitochondrial activity by using the water-soluble tetrazolium salt WST-1 (Roche Applied Science). WST-1 was added to each well at a final concentration of 10% in medium according to the manufacturer\'s protocol. The absorbance was measured at 450 nm with a reference wavelength at 630 nm using a scanning multiwell microplate reader after 2 h of incubation with WST-1. Results are expressed as the percentage of the control (Ct).

Enzyme-linked immunosorbent assay measurements {#gfs520_s2f}
----------------------------------------------

After 10 and 14 days of incubation with the various media conditions, supernatants of indicated conditions were collected and kept at --80°C. Elisa kits for human MGP and osteocalcin (OCN) were purchased from Uscn Life Science. Human bone morphogenetic protein-2 (BMP-2) and 7 (BMP-7) were assessed using Elisa Quantikine^®^ (R&D Systems). Human osteopontin (OPN) was assessed using Elisa DuoSet^®^ from R&D systems. Supernatant measurements were performed according to the manufacturer\'s protocol.

Specific controls {#gfs520_s2g}
-----------------

Media from the various experimental conditions were assessed for correct calcium, phosphorus and magnesium levels using an ADVIA 1800 Siemens autoanalyser (Siemens Healthcare Diagnostics). No change in pH was observed at Pi 3 mM with or without addition of maximum Mg^2+^ concentrations. This excludes a potential role of medium acidification in the observed decrease of mineralization.

We checked whether the effects of MgCl~2~ on calcification reduction were due to the chloride ions in the MgCl~2~ salt used for these experiments, but addition of 2.4 mM NaCl (the maximum concentration of Cl^−^ corresponding to the addition of MgCl~2~ to reach a total concentration of 2 mM of Mg^2+^) did not inhibit calcification after 10 and 14 days of culture in the presence of Pi 3 mM using AR, VK and OCP methods (data not shown).

Statistical analysis {#gfs520_s2h}
--------------------

All results are expressed as mean ± standard deviation (SD). Statistical significance was determined in an analysis of variance (ANOVA) multigroup analysis using the Fisher PLSD *post test*. A P-value of \<0.05 was considered to be significant. Alternatively, the non-parametric Mann--Whitney test was used when ANOVA failed to reach significance because of the huge standard deviation observed between the different donors.

RESULTS {#gfs520_s3}
=======

Mg^2+^ inhibits Pi-induced calcification in HAVSMC {#gfs520_s3a}
--------------------------------------------------

In our model, deposition of calcified matrix in HAVSMC occurs by rising Pi concentration in the medium up to 3 mM. The amount of calcium per milligram protein was quantified in a variety of conditions using the OCP method at Days 10 and 14 of incubation with the indicated conditions. AR and VK stainings were also performed at Days 10 and 14 as quality tests to further confirm occurrence of calcium/phosphate (Ca/P) deposition in our samples (data not shown). HAVSMC from a total of five different donors were used during the whole study. As pointed out in Figure [1](#GFS520F1){ref-type="fig"}A, the accumulation of calcium at Day 14 was very different from one donor to another. The huge biological variations between the donors concerning calcium deposition did not allow us to directly compare the amounts of calcium between conditions. For the following calcium deposition experiments, all data were normalized to the 3 mM Pi condition, the 3 mM Pi condition was set to 1 to highlight any reduction in calcium deposition. In a preliminary series of experiments, cells from three different donors were tested to identify the most potent Mg^2+^ concentrations to prevent mineralization. In addition, we tested the effect of MgCl~2~ alone on calcification. MgCl~2~ by itself neither induced calcification at Day 10 (data not shown), nor at Day 14, as shown in Figure [1](#GFS520F1){ref-type="fig"}B. In the presence of 3 mM Pi, magnesium at a total concentration of 1.5 and 2 mM in medium was effective to significantly inhibit calcium deposition at Day 14 (Figure [1](#GFS520F1){ref-type="fig"}C). A similar trend was observed at Day 10, but with a less pronounced calcium deposition reduction and without reaching statistical significance (data not shown). As a result of the preliminary investigations, total magnesium concentrations of 1.5 and 2 mM were kept for the remaining experiments. In addition to the biochemical analysis, Ca/P deposits were also identified by von Kossa staining. The inhibition of Ca/P deposition by adding extracellular magnesium concentrations was optically confirmed (Figure [1](#GFS520F1){ref-type="fig"}D). Haematoxylin counterstaining according to Mayer imparts a light transparent red stain to the nuclei of cells, whereas von Kossa darkens the Ca/P depositions. Both size and amount of the granular calcified formations seem to decrease with the addition of magnesium, in comparison with Pi alone. No deposits were seen in conditions without supplemental phosphate. Figure [2](#GFS520F2){ref-type="fig"}A summarizes the results of calcium deposition for HAVSMC of the five tested donors after 14 days of Pi-induced calcification. Calcium deposition was significantly less in HAVSMC with increasing concentrations of Mg^2+^ compared with the Pi only condition (P \< 0.0001) at Day 14. At Day 10, however, even if the results were following a similar trend, only a total concentration of 2 mM Mg^2+^ significantly decreased the Pi-induced deposition of calcium (P \< 0.05).FIGURE 1:Magnesium reduces Pi-induced mineral deposition in HAVSMC. HAVSMC were cultured for 14 days at the indicated concentrations of Mg^2+^ and in the presence or absence of 3 mM Pi. (**A**) Calcium deposition from HAVSMC of five different donors was assessed using OCP. Filled square, filled circle, star, filled triangle and filled diamond represent means of the Ca^2+^ content of each of the five donors for each indicated condition. (**B**) Calcium deposition from HAVSMC of three different donors was assessed using OCP with increasing concentration of Mg^2+^ without induction of Pi. Data are quoted as a ratio of Pi and represent the mean ± SD of each condition (*n* = 6). Ct was significantly different from Pi, \*\*\*\*P \< 0.0001 versus Pi. No significant differences were found between Ct and Mg^2+^ conditions. (**C**) Calcium deposition from HAVSMC of three different donors was assessed using OCP with increasing concentration of Mg^2+^ and induction of calcification by Pi. Data are represented as a ratio of Pi and represent the mean ± SD of each condition (*n* = 6). Ct was significantly different from Pi. \*\*P \< 0.01 versus Pi and \*\*\*\*P \< 0.0001 versus Pi. (**D**) Von Kossa followed by a haematoxylin/Mayer counterstaining was performed on the cell layer; nuclei are depicted in red while granulated calcifications are coloured in black (×25 magnification).FIGURE 2:Magnesium is efficient in live but not in fixed HAVSMC. HAVSMC were cultured for 14 days at the indicated concentrations of Mg^2+^ and in the presence of 3 mM Pi. (**A**) Calcium deposition from Pi-induced HAVSMC of five different donors was assessed using OCP with increasing concentration of Mg^2+^. Data are quoted as a ratio of Pi and represent the mean ± SD of each condition (*n* = 16). Ct was significantly different Pi. ^\#^P \< 0.05 versus Pi and ^\#\#\#\#^P \< 0.0001 at Day 10. \*\*\*\*P \< 0.0001 versus Pi at Day 14. (**B**) Calcium deposition on fixed HAVSMC of three different donors was assessed using OCP with increasing concentration of Mg^2+^ in the presence of Pi. Data are quoted as a ratio of Pi and represent the mean ± SD of each condition (*n* = 12). Ct was significantly different from Pi, \*\*\*\*P \< 0.0001 versus Pi. No significant differences were found between Ct and Mg^2+^ conditions. No significant differences were found between Pi and Pi + Mg^2+^ conditions. (**C**) Von Kossa followed by a haematoxylin/Mayer counterstaining was performed on the cell layer of fixed cells (×25 magnification).

Mg^2+^ is inefficient in preventing calcification in fixed HAVSMC {#gfs520_s3b}
-----------------------------------------------------------------

In a recent paper, Villa-Bellosta *et al.* \[[@GFS520C22]\] analysed the involvement of cellular activity during the initial calcium phosphate deposition of Pi-induced calcification by working with live and fixed cells. They underlined the role of the cell culture medium composition, especially salts and pH, in passive mineral deposition. We assessed the role of Mg^2+^ in a fixed HAVSMC setting (Figure [2](#GFS520F2){ref-type="fig"}B) and observed no decrease in calcium deposition after 14 days in the presence of the potent magnesium concentrations, suggesting that live cells are necessary for Mg^2+^ to exert its protective effect. The results were similar at Days 7 and 10 of incubation in the presence of Pi and Mg^2+^ (data not shown). It is of note that calcium deposition occurred slightly differently in fixed compared with live cells. Mineralization occurred faster in fixed cells when comparing absolute levels of calcium deposition. With the Pi 3 mM condition at Day 7 of incubation, we obtained far higher amounts of calcium for each of the three tested donors for the fixed cells compared with the three donors of the preliminary experiment of the live cells. However, at Day 14, absolute levels of calcium were comparable between fixed and live cells (data not shown). No change in pH was observed at Pi 3 mM with or without addition of maximum Mg^2+^ concentrations (data not shown). A potential role of medium acidification in the observed decrease of mineralization was thus excluded. As shown in Figure [2](#GFS520F2){ref-type="fig"}C, the initial shape of HAVSMC was kept with fixation. In the presence of 3 mM of Pi, mineral deposition was occurring mainly on the cell body, whereas we did not observe big granular calcified formations as described above for live cells. Addition of higher doses of magnesium did not lower the amount of calcification deposits.

Secretion of calcification markers under calcifying conditions {#gfs520_s3c}
--------------------------------------------------------------

The calcification process results from an imbalance between pro-osteogenic factors, degradation of osteogenesis inhibitors and calcium phosphate product deposition. We chose to assess levels of OPN, MGP and BMP-7 as anti-calcification markers. OCN and BMP-2 were tested as pro-osteogenic markers. Unfortunately, we were unable to detect BMP-2 and BMP-7 in our supernatants; therefore, only data on OPN, MGP and OCN can be reported. As the same trend of results was observed in supernatants for each calcification marker at 10 days of incubation in a preliminary experiment (data not shown), only results after 14 days of incubation with the various indicated conditions will be presented. As expected, OCN levels were significantly increased after 14 days in the presence of 3 mM Pi (Figure [3](#GFS520F3){ref-type="fig"}A). At 1.5 and 2 mM magnesium concentrations, OCN levels fell back to the control level (Ct). No changes were found between Ct and Mg^2+^ conditions without addition of Pi. As reported in a previous work \[[@GFS520C23]\] with HAVSMC, Pi increased total MGP concentration in the culture medium. This effect was reversed by higher concentrations of magnesium in the medium. No statistically significant difference was found between Ct and high magnesium conditions without addition of Pi (Figure [3](#GFS520F3){ref-type="fig"}B). Finally, OPN, a known classical inhibitor of calcification, was investigated in supernatants (Figure [3](#GFS520F3){ref-type="fig"}C). In the presence of Pi, OPN level was drastically reduced and an addition of Mg^2+^ was not able to completely reverse this decrease. In this measurement, standard deviation between the different donors was higher than for the previous mentioned markers. The lack of a complete reversion of Pi-induced decrease of OPN by the addition of Mg^2+^ as well as the high inter-individual variability of HAVSMC OPN secretion from the different donors might partly explain the lack of statistical significance between Pi alone and Pi with magnesium conditions. By applying a Mann--Whitney test on the Pi and Pi + 1.5 mM Mg^2+^ conditions, a significance of 0.058 was reached.FIGURE 3:Secretion of calcification markers in Pi-induced HAVSMC in the presence of magnesium. Protein concentrations of OCN, MGP and OPN were quantified in the supernatants of HAVSMC by ELISA. Three different donors including three replicates were assessed. HAVSMC were cultured for 14 days at the indicated concentrations of Mg^2+^ and Pi. (**A**) OCN secretion from Pi-induced HAVSMC. Data are quoted as a ratio of Ct and represent the mean ± SD of each condition (*n* = 9). \*P \< 0.05 and \*\*\*P \< 0.001 versus Pi. No significant differences were found between Ct and Mg^2+^ conditions. (**B**) MGP secretion from Pi-induced HAVSMC. Data are quoted as a ratio of Ct and represent the mean ± SD of each condition (*n* = 9). \*\*P \< 0.01, \*\*\*P \< 0.001 and \*\*\*\*P \< 0.0001 versus Pi. No significant differences were found between Ct and Mg^2+^ conditions. (**C**) OPN secretion from Pi-induced HAVSMC. Data are quoted as a ratio of Ct and represent the mean ± SD of each condition (*n* = 9). \*\*P \< 0.01, \*\*\*P \< 0.001 versus Pi. No significant differences were found between Ct and Mg^2+^ conditions.

Cell viability in the presence of Pi and Mg^2+^ {#gfs520_s3d}
-----------------------------------------------

We decided to evaluate the effects of magnesium on cell viability of Pi-induced HAVSMC (Figure [4](#GFS520F4){ref-type="fig"}A). Cells were treated as for the calcification assays. After 14 days of incubation, the addition of Pi did not affect cell viability even if the larger observed SD is reflecting a heterogeneous behaviour of HAVSMC to face Pi among the tested donors. However, higher magnesium levels significantly improved cell viability in the presence of Pi. An increase of around 10% in viability in the presence of magnesium was observed, although only 1% of FBS was present in the medium, which *per se* considerably limits the cellular growth. This result is pointing out a substantial beneficial effect of magnesium on cell viability. In the absence of Pi, higher concentrations of magnesium enhanced cell viability a little, but not significantly.FIGURE 4:Magnesium effects on mineralization are cell-mediated. HAVSMC were cultured for 14 days at the indicated concentrations of Mg^2+^ and Pi. (**A**) Cell viability from Pi-induced HAVSMC of three different donors was assessed. Data are quoted as a ratio of Ct (%) and represent the mean ± SD of each condition (*n* = 12). \*P \< 0.05 versus Pi. (**B**) Calcium deposition from Pi-induced HAVSMC of three different donors was assessed using OCP with increasing concentration of Mg^2+^. 2-APB at 10^−4^ M was added to block TRPM7. Data are quoted as a ratio of Pi and represent the mean ± SD of each condition (*n* = 12). Ct was significantly different from Pi. \*P \< 0.05 and \*\*P \< 0.01 versus Pi.

Use of 2-APB demonstrates involvement of TRPM7 in observed Mg^2+^ effects {#gfs520_s3e}
-------------------------------------------------------------------------

To gain insight into the intracellular molecular mechanisms underlying the prevention of HAVSMC calcification by magnesium, we decided to assess Mg^2+^ entry by inhibiting TRPM7 using 2-APB. Indeed, TRPM7 was recently shown to be functionally involved in magnesium\'s modulation of VSMC differentiation to an osteogenic phenotype \[[@GFS520C16]\]. As shown in Figure [4](#GFS520F4){ref-type="fig"}B, addition of 2-APB at 10^−4^ M abolished the previously shown, positive effect of Mg^2+^ on calcification after 14 days of combined Pi and Mg^2+^ exposure. Lower concentrations of 2-APB (10^−6^ and 10^−5^ M) were not efficient in blocking the reduction of calcification by Mg^2+^ (data not shown). Hamaguchi *et al.* \[[@GFS520C24]\] extensively studied Na^+^-independent Mg^2+^ transport sensitive to 2-APB in VSMC and found that Mg^2+^ transport through TRPM7 was efficiently blocked with concentrations of 2-APB around 10^−4^ M comforting us in the use of 2-APB at this concentration. It is of note that 2-APB at 10^−4^ M significantly enhanced calcification in the presence of Mg^2+^ comparing with the Pi 3 mM alone condition. 2-APB itself did not induce mineralization without the presence of Pi. The same trend of results was observed at 10 days of incubation at the various indicated conditions (data not shown). We also checked the cell viability in the presence of 2-APB 10^−4^ M with or without addition of Pi or Mg^2+^. After 14 days of incubation, a slight, but statistically not significant decrease in cell viability in APB 10^−4^ M conditions was observed. No change was found in the presence of 2-APB 10^−4^ M after 10 days of exposure (data not shown).

DISCUSSION {#gfs520_s4}
==========

Our study is the first to provide *in vitro* evidence for a protective role of magnesium on Pi-induced calcification in a primary cell culture model of HAVSMC. We used Pi at a total concentration of 3 mM which is a concentration observed in patients in late stages of CKD. Two magnesium concentrations (1.5 and 2 mM of total Mg^2+^) were found to be efficient and strongly attenuated Ca/P deposition in spite of a high inter-individual variability observed between different HAVSMC donors. The attenuating effect of magnesium on the calcification process was already significant after 10 days but was accentuated after 14 days of exposure of cells with Pi and Mg^2+^. Recent publications support that matrix calcification could be initiated through passive Ca/P deposition and that it could be the formation of Ca/P nanocrystals that triggers the osteogenic changes which are associated with the accumulation of extracellular, well-organized, crystalline structures \[[@GFS520C22], [@GFS520C25]\]. As it was already known that magnesium is able to impair hydroxyapatite crystal growth *in vitro* \[[@GFS520C26], [@GFS520C27]\], we decided to test whether the observed effect of Mg^2+^ also occurred during passive Ca/P deposition. Consequently, mineral deposition was studied in fixed HAVSMC. As expected, Ca/P deposition was increased in the presence of Pi 3 mM, but higher concentration of Mg^2+^ failed to inhibit this passive calcification process. Thus, live cells seem to be necessary for Mg^2+^ to exert its protective effect, suggesting a potentially active cellular role. This finding does not exclude a potentially passive role for Mg^2+^ ions in the onset of calcification, because in the presence of Mg^2+^, several ion substitutions were described in the context of hydroxyapatite formation, thereby altering crystal composition and structure \[[@GFS520C22]\].

Apart from passive mineral deposition, it is well established that VC is resulting from an active cell-mediated process. Under normal phosphate conditions, VSMC express smooth muscle lineage markers characterizing the contractile phenotype such as smooth muscle α-actin. After treatment with elevated phosphate, there is a dramatic loss of the contractile markers, and a simultaneous modulation of osteogenic markers and/or calcification inhibitors such as OPN, OCN, MGP and BMP-2 and 7 is observed \[[@GFS520C7]--[@GFS520C9], [@GFS520C28]\]. We decided to assess the secretion of these markers in cell culture supernatants from our experiments. We were unable to detect BMP-2 and 7, even though BMP-2 has already been quantified in supernatants of mouse aortic SMC \[[@GFS520C25]\]. OCN is the most abundant non-collagenous protein of the bone extracellular matrix and is found in the matrix of calcified cells. OCN is specifically synthesized by osteoblasts in bone and osteoblast-like cells in VC \[[@GFS520C8], [@GFS520C29]\]. Despite structural similarities with MGP, such as gla residues, OCN does not display MGP's anti-mineralization properties. Until now, loss- and gain-of-function experiments have failed to identify a function for OCN in extracellular matrix mineralization *in vivo* \[[@GFS520C30]\]. Our results show a strong increase in secreted OCN in the presence of supplemental Pi. This indicates that a cell-mediated matrix mineralization effectively occurred. Increasing concentrations of Mg^2+^ completely reversed this phenomenon, suggesting that Pi-induced calcification importantly decreased. These results confirmed data from \[[@GFS520C16]\]. If OCN correlates to the degree of calcium deposition, an inhibition of OCN secretion through the addition of magnesium in Pi-induced HAVSMC is indicating a potential involvement of a cellular mechanism.

MGP is a vitamin K-dependent, γ-carboxylated protein present in bone and vascular smooth muscle. The mechanism by which MGP inhibits VC is not fully understood. The MGP-fetuin complex in serum appears to prevent propagation of Ca/P precipitation, but the precise role of MGP is still not clear \[[@GFS520C31]\]. MGP binds hydroxyapatite *in vitro* \[[@GFS520C32]\], and this is consistent with the fact that in calcified aortas, the MGP content is proportional to hydroxyapatite content, and that MGP is concentrated around hydroxyapatite deposits \[[@GFS520C33], [@GFS520C34]\]. Our data showed an important increase in total MGP secretion in Pi-induced HAVSMC. Similar data have been described previously \[[@GFS520C23]\], and we postulate that the concentration of total MGP in the supernatant is linked to the degree of VC as a secondary, compensatory mechanism, rather than a primary effect. This is in agreement with previous studies showing that cultured VSMC constitutively express MGP, and that MGP mRNA expression was found to be up-regulated in calcifying VSMC nodular cultures \[[@GFS520C35]\]. Moreover, immunohistochemical studies showed that MGP was abundant at sites of calcification in human arteries \[[@GFS520C36]\]. More recently, post-translational modifications of MGP, such as c-glutamyl carboxylation and serine phosphorylation of MGP, were implicated in its function as a calcification inhibitor \[[@GFS520C37]\]. Novel data showed similar increases for both carboxylated and uncarboxylated forms of MGP in calcified aortas from rats with renal failure \[[@GFS520C38]\]. Finally, the increase in the circulating, diphosphorylated and uncarboxylated form of MGP was proposed as a marker for the progression of VC in CKD patients \[[@GFS520C39]\]. Our data showed that supplementation with magnesium restores total MGP secretion to its basal level in Pi-induced HAVSMC. This finding is in concordance with a previous work on the prechondrogenic cell line ATDC5 \[[@GFS520C15]\].

Lastly, OPN secretion was investigated. OPN is a secreted, glycosylated phosphoprotein normally found in mineralized tissues or in VC. The combination of electronegative glutamic and aspartic acid residues, serine/threonine kinase substrate sites and the putative calcium-binding motifs endow OPN with the ability to bind significant amounts of Ca^2+^ (50 mol Ca^2+^ to 1 mol OPN) \[[@GFS520C40], [@GFS520C41]\]. These properties likely contribute to OPN\'s ability to bind and regulate apatite crystal growth. The first study to assess OPN expression in HAVSMC showed that OPN mRNA was detectable but did not appear to be up-regulated in the calcifying nodular cells; subsequently, HAVSMC secrete basically very low levels of OPN protein which were not detectable in calcifying cells \[[@GFS520C35]\]. As well, murine SMC from OPN^−/−^ mice showed enhanced susceptibility to calcification *in vitro* \[[@GFS520C42]\]. Our results are in accordance with these studies, despite other studies reported that OPN is abundant at sites of calcification in human atherosclerotic plaques and in calcified aortic valves, for review, see Giachelli *et al*. \[[@GFS520C28]\]. In our model, Pi-induced calcification led to a severe decrease in OPN secretion. The loss of this VC inhibitor might have a preponderant importance in the development of matrix mineralization. The addition of Mg^2+^ partially, but not significantly, reverses the decrease in OPN. In rat VSMC, Mg^2+^ supplementation during VC significantly increased OPN content supporting our results \[[@GFS520C16]\].

Apoptosis has been reported in the process of human VC and seems necessary because apoptotic bodies derived from VSMC may act as nucleating structures for Ca/P crystal formation \[[@GFS520C43]\]. Proudfoot *et al.* reported that apoptosis occurs in a human model of VC in which post-confluent VSMC cultures spontaneously form nodules and calcify after 28 days. The large SD observed in the presence of Pi might explain why cell viability was not affected in our experimental setup. Comparing with \[[@GFS520C43]\], our cells were not post-confluent and were incubated only 14 days under calcification-inducing conditions. Thus, this specific setup might not be the most suitable one to study apoptosis. However, increased concentrations of Mg^2+^ significantly improved cell viability in our setting of Pi-induced HAVSMC. This beneficial effect is in accordance with the study on bovine VSMC \[[@GFS520C18]\]. Further investigations on cell viability and apoptosis in calcifying HAVSMC are needed to elucidate the exact mechanisms and to further strengthen the protective role of magnesium in this context.

In the last few years, magnesium homeostasis was shown to be regulated by TRPM7 in osteoblast differentiation, proliferation and migration \[[@GFS520C44], [@GFS520C45]\] as well as in VSMC in the context of hypertension and transdifferentiation to an osteogenic phenotype \[[@GFS520C16], [@GFS520C46]\]. TRPM7 contains a magnesium-permeable pore fused to a kinase domain at the COOH terminus. 2-APB is classically reported to be a potent inhibitor of TRPM7. Our data show that a concentration of 10^−4^ M of 2-APB was able to abolish the protective effect of Mg^2+^ on Pi-induced calcification. At this concentration, 2-APB was shown to efficiently block Mg^2+^ entry through TRPM7 \[[@GFS520C24]\]. Thus, for the first time, TRPM7 activity can be directly linked to mineral deposition. In a previous study \[[@GFS520C16]\], the effect of 2-APB was investigated on protein expression of OCN, MGP and OPN in calcifying rat VSMC. The authors also found a loss of the beneficial effects of Mg^2+^. Taken together, these results strongly suggest an active, intracellular role for Mg^2+^ in attenuating the VC process, likely through entering the cell via TRPM7. Of course, deeper investigations are needed to clarify the role of TRPM7 in this context.

The use of magnesium as a drug to lower serum calcium and phosphorus in CKD was recently reviewed \[[@GFS520C47]\]. The clinical relevance of the effective concentrations of magnesium in reducing HAVSMC-induced mineralization (i.e. 1.5 and 2 mM of Mg^2+^) is not far from the serum levels found in CKD patients with magnesium carbonate supplementation. Recently, a pilot study compared combined magnesium carbonate plus calcium carbonate with calcium acetate monotherapy for 12 weeks \[[@GFS520C48]\]. Serum magnesium levels were elevated in patients receiving magnesium carbonate with the highest serum magnesium reported being 1.95 mM, but no patients experienced symptoms related to hypermagnesaemia. The combined treatment succeeded to efficiently control serum phosphorus levels as well as to safely and significantly reduce calcium load as reflected by serum calcium levels compared with calcium monotherapy. In addition, it has been reported that patients being treated with high magnesium dialysate concentrations (1.00 mM) also have elevated levels around 1.34 mM without apparent clinical symptoms \[[@GFS520C49]\]. Moreover, a recent investigation of serum magnesium levels in CKD patients of stages 3--5 showed a positive correlation of flow-mediated dilatation to serum magnesium levels up to 1.64 mM \[[@GFS520C50]\].

In conclusion, increased concentrations of magnesium efficiently reduced Pi-induced calcification. Our study, together with previous findings, strongly supports considering magnesium as a potential candidate for the therapy of VC now. Whether the *in vitro* data collected in the present study also have relevance in clinical setting is matter of additional works. Likewise, further investigations are certainly needed to gain additional mechanistic insights into magnesium\'s mode of action to prevent VC.
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